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In this paper, longitudinal and transverse wave velocities propagating into aluminum alloy A6061 under simple shear
and pure shear were studied experimentally. Compared with the same velocity change tendencies of transverse wave under
simple shear and pure shear, longitudinal wave velocity shows diﬀerent change tendencies under both shear states, regard-
less of the same shear strain states in two cases. Finite element analysis was performed and the analyzed results indicate
that the transverse wave velocity depends on texture evolutions mainly, whereas the longitudinal wave velocity is sensi-
tively inﬂuenced by point defects induced by cross-slips. Consequently, the longitudinal wave velocity showing a sensitive
response to the point defects was examined by measuring longitudinal wave velocity changes propagating into Al single
crystal subjected to the combination loads of equi-biaxial tension and compression.
 2006 Elsevier Ltd. All rights reserved.
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The primary focus of ultrasonic nondestructive material evaluation is microstructural characterization of
metals and alloys, composite materials, and engineered surfaces. The idea is that ultrasonic propagation prop-
erties relate microstructure and physical properties of the materials concerned. Thus, by measuring quantities
related to physical properties, the salient internal geometries of materials, such as defects, microstructures, and
lattice distortions can be ascertained. In the developed methods, ultrasonic velocity approaches have been used
extensively to characterize material properties, such as Hirao et al. (1987) and Delsanto et al. (1990) formu-
lated the equations and solutions for texture evolutions, Baltazar et al. (2002) studied the relationship between0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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ultrasonic pulse echo method to estimate the L-wave velocity of the damaged material, and Kenderian et al.
(2003) applied ultrasonic waves to monitor the dislocation changes during fatigue damage. As an endeavor in
this ﬁeld, a theoretical modeling of ultrasonic nondestructive method to evaluate plastically deformed state,
i.e., yield surface, texture change due to plastic deformation, and the occurrence of the instability associated
with the microslip band, has been proposed and developed (Kobayashi, 1998a,b; Tang and Kobayashi, 2003;
Kobayashi et al., 2003). The good qualitative agreement between numerical and experimental results sug-
gested the accuracy of the proposed theoretical modeling.
As one in a series of the authors’ study on ultrasonic nondestructive material evaluation method, the goal of
present work is to study the material microstructure eﬀects on ultrasonic waves under plastic deformation. In
general, ultrasonic NDT&E utilize the range of frequencies from approximately 20 kHz to over 100 MHz,
with most work being performed between 500 kHz and 20 MHz. Ultrasonic wave velocity is not only depen-
dent on the microstructure properties of a plastically deformed material, but also dependent on the wave prop-
agating frequencies. Therefore, in this work the dependence of ultrasonic wave velocity on propagating
frequency is ﬁrst examined via using Granato–Lu¨cke’s model for dislocation damping (Granato and Lu¨cke,
1956). Next, the velocity changes of longitudinal and transverse waves propagating into aluminum polycrys-
talline aggregate are studied experimentally under pure torsion (simple shear) and equi-biaxial tension and
compression (pure shear). Compared to the same velocity change tendencies of transverse wave under simple
shear and pure shear, longitudinal wave velocity under both shear states shows diﬀerent change tendencies
during plastic deformation. Consequently, material microstructure behaviors under simple shear and pure
shear are analyzed via ﬁnite element polycrystal model (FEPM) proposed by Takahashi et al. (1994). The
FEPM analyzed result, i.e., the longitudinal wave velocity showing a sensitive response to the point defects
is examined by measuring longitudinal wave velocity changes propagating into Al single crystal under equi-
biaxial tension and compression.
2. Dependence of ultrasonic wave velocity on propagating frequency
2.1. Granato–Lu¨cke’s model for dislocation damping
The interaction between dislocations and high-frequency alternating stress waves has received a rapidly
increasing amount of attention both with regard to experiment and with regard to the construction of a dis-
location model capable of accounting for the observed changes in the propagating behavior of ultrasonic
stress waves in the presence of dislocations. The dislocation damping modeling discussed by Granato and
Lu¨cke (1956) remains the best available thus far. Therefore, in this section, this model is used to examine
the dependence of ultrasonic wave velocity on propagating frequency.
The attenuation and modulus change caused by dislocations when a stress wave propagates through a solid
can be calculated byo2r
o2x2
¼ q o
2
ot2
e; ð1Þwhere q is the density of the material.
The strain e in a solid is consisted with two kinds of strain, i.e., the elastic strain eel which is usually given in
the terms of eel = r/G by elasticity theory and in addition a dislocation strain edis arising from the motion of
the dislocations under the alternating stress, where G is the shear modulus. Consider l as the loop length of a
dislocation in a cube of unit dimensions, n as the average displacement of length l, and K as the total length of
movable dislocation line in the unit cube, then the dislocation strain can be expressed as the function of coor-
dinate y on the dislocation line,edis ¼ Kbl
Z l
0
nðyÞdy; ð2Þwhere b is the magnitude of the Burgers vector. Thus the total strain can be clearly expressed as
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Kb
l
Z l
0
nðyÞdy: ð3ÞCombining the preceding equations leads too2r
ox2
 q
G
o2r
ot2
¼ Kqb
l
o2
ot2
Z l
0
nðyÞdy: ð4ÞKoehler (1952) developed the idea that a dislocation line segment might vibrate under the inﬂuence of an alter-
nating stress ﬁled and behave like a driven, damped, vibrating string. The diﬀerential equation is that for a
vibrating stringA
o2n
ot2
þ B on
ot
 C o
2n
ox2
¼ br; ð5Þwhere A is the eﬀective mass per unit length, B is the damping force per unit length of dislocation per unit
velocity, and C is an eﬀective tension in a bowed-out dislocation. br is the driving force per unit length of dis-
location exerted by the applied shear stress.
The constants in the diﬀerential equation are given byA ¼ pqb2; C ¼ 2Gb
2
pð1 mÞ ; ð6Þwhere v is the Poisson’s ratio.
Now, if we take x as the angular frequency, v as the wave velocity and a as the attenuation coeﬃcient of a
traveling wave in the solid, then the stress r produced by this traveling wave can be written in the formr ¼ r0 expðaxÞ ix t  xv
 h i
; ð7Þwhere r0 is the amplitude of stress. By taking the displacement of a dislocation asn ¼ n0 sin
py
l
exp½ixt ð8Þand substituting Eqs. (7) and (8) into Eqs. (4) and (5), respectively, we can obtainv
v0
¼ 1 4GK
p3q
x20  x2
ðx20  x2Þ2 þ ðxdÞ2
; ð9Þwhere v0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G=q
p
is the wave velocity at the original state, x0 is the resonant frequency, and d is the resistance
coeﬃcient, respectively. They are deﬁned asv20 ¼
G
q
; x20 ¼
2G
qð1 mÞ 
1
l2
; d ¼ B
A
: ð10ÞIf we take ðv=v0Þxp as the velocity changes at a given frequency of xp, then the velocity changes (v/v0)x at any
frequency x can be derived from Eq. (9). Clearlyv
v0
 
x
¼ 1 x
2
0  x2
ðx20  x2Þ2 þ ðxdÞ2

x20  x2p
 2
þ ðxpdÞ2
x20  x2p
 1 v
v0
 
xp
( )
: ð11ÞEq. (11) indicates that the resonant frequency x0, resistance coeﬃcient d and total length of movable disloca-
tion line K in the unit cube can be determined by ultrasonic wave velocity measurements with three diﬀerent
frequencies. Here, it should be emphasized that from Eq. (9) the following notable relations can be derived:
Wave velocity in adiabatic process, ex. impact response, is obtained by x to be inﬁnity:v
v0
¼ lim
x!1
1 4GK
p3q
 x
2
0  x2
ðx20  x2Þ2 þ ðxdÞ2
( )
¼ 1; ð12aÞ
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 x
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( )
¼ 1 4GK
p3qx20
: ð12bÞEq. (12) mean that because of the eﬀect of movable dislocation lines, the wave velocity does not change in
adiabatic process and changes in isothermal process.
2.2. Longitudinal wave velocities at diﬀerent propagating frequencies
As it is known that the investigation of ultrasonic wave velocity dependence upon its propagating frequency
requires many measurements of ultrasonic wave velocities at diﬀerent propagating frequencies, and the exper-
imental work is rather laborious and time consuming. Therefore, in the present paper the minimum experi-
mental work was performed to solve this problem. As illustrated in Eq. (9), ultrasonic wave velocity
measurements at three diﬀerent frequencies are required to determine the parameters of K, x0 and d. There-
fore, uniaxial tension tests were performed on Al6061-T6 specimens shown in Fig. 1. To remove the machined
residual stress eﬀects on ultrasonic waves, the specimens were annealed for 1 h heat preservation at 410 C and
then cooled down in the furnace surrounding. Table 1 shows the chemical components of A6061-T6.
Specimen shown in Fig. 1(a) was used to measure the longitudinal wave velocity at frequencies of 5 and
10 MHz with pulse–echo-overlap (PEO) method. The absolute accuracy arises from the fact that the PEO
method is capable of accurate measurement of time from any cycle of one echo to the corresponding cycle
of the next echo. Specimen shown in Fig. 1(b) was used to measure the longitudinal wave velocity at
200 MHz with a point-focused scanning acoustic microscope (SAM). For very high frequency wave velocity
measurement, it is usually available from V(z) curves by using line or point focused scanning acoustic micro-
scope (Briggs, 1995). This method is capable of measuring small wave velocity changes with a very high
accuracy.
The measured longitudinal wave velocity changes (DVL) during plastic deformation are shown in Fig. 2,
where VL0 represents wave velocity at natural material state. Using the measured wave velocity at three dif-
ferent frequencies of 5, 10 and 200 MHz, the parameters of K, x0 and d can be determined using Eq. (9). For
aluminum alloy 6061-T6, the calculated x0 and d are 15 MHz and 1.5 · 107 s1, respectively.
Sold lines in Fig. 2 denote the numerical simulations of longitudinal wave velocity at diﬀerent propagating
frequencies using Eq. (11). From Fig. 2 we can see that the diﬀerence of longitudinal wave velocity at diﬀerentFig. 1. Specimen geometries used for examination of ultrasonic wave velocity dependence on its propagating frequency.
1
emical components of A6061-T6
nt Si Fe Cu Mn Mg Cr Zn Ti Al
t (%) 0.65 0.20 0.35 0.03 1.00 0.08 0.01 0.02 Bal
Fig. 2. Longitudinal wave velocities under uniaxial tension.
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lap with that at 5 MHz. This implies that the ultrasonic wave velocity is independent on its propagating fre-
quency below 5 MHz. However, as indicated in Fig. 2, experimental and numerical velocity changes at
200 MHz are not observed, this indicates that the dislocation eﬀect on ultrasonic wave velocity can be ignored
at very high frequencies.
Therefore, in the following experiment work ultrasonic waves were introduced into specimens using trans-
ducers with a 5 MHz central frequency.
3. Transverse and longitudinal wave velocities under simple shear and pure shear
3.1. Experiments
As one in a series of the authors’ study on ultrasonic nondestructive material evaluation method, transverse
and longitudinal wave velocities under pure torsion and equi-biaxial tension and compression were studied
experimentally in this section. Aluminum alloy A6061-T6 specimen geometries are shown in Fig. 3. The cyl-
inder-shaped specimen was loaded with a pure torsion to produce a simple shear, while the cross-shaped spec-
imen was loaded with equi-biaxial tension and compression to produce a pure shear. To remove the machined
residual stress eﬀect on ultrasonic waves, the specimens were annealed for 1 h heat preservation at 410 C and
then cooled down in the furnace surrounding. Ultrasonic waves were introduced into specimen using trans-
ducers with a 5 MHz central frequency and wave velocity changes during plastic deformation were measured
with PEO method.
3.2. Experimental results and discussions
The measured longitudinal (DVL) and transverse (DVT) wave velocity changes are shown in Fig. 4(a) and
(b), respectively, with the comparison of velocity change tendencies between simple shear and pure shear.
Symbols VL0 and VT0 represent longitudinal and transverse waves at natural material state, respectively. Solid
lines represent numerical simulations (Kobayashi et al., 2003). Since only the acoustoplastic eﬀect is consid-
ered in current work, Fig. 4 shows the wave velocity changes during the development of plastic deformation.
The experimental results shown in Fig. 4(a) indicate that although no longitudinal wave velocity changes
take place under simple shear, the velocity changes under pure shear are apparently observed, regardless of
the same shear stress states in two cases. For transverse wave velocity changes, it can be seen from
Fig. 4(b) that transverse velocity changes polarized along the parallel (VT1) and perpendicular (VT2) to prin-
cipal directions of stress are diﬀerent from each other as the development of plastic deformation. Compared to
the diﬀerent wave velocity change tendencies of longitudinal wave between simple shear and pure shear, both
VT1 and VT2 of transverse wave under simple shear and pure shear show the same and nearly overlapped
change tendencies.
Fig. 3. Specimen geometries for measuring ultrasonic wave velocities under simple shear and pure shear. (a) Cylinder-shaped specimen
subjected to a pure torsion. (b) Cross-shaped specimen subjected to the equi-biaxial tension and compression.
Fig. 4. Longitudinal and transverse wave velocities under simple shear and pure shear. (a) Longitudinal wave velocity changes. (b)
Transverse wave velocity changes.
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shear, material microstructures show diﬀerent eﬀects on longitudinal and transverse waves during plastic
deformation. In the following section, the ﬁnite element analysis was performed to investigate the material
microstructure eﬀects on ultrasonic wave velocities.
4. Finite element analysis of texture and cross-slip eﬀects on ultrasonic waves
4.1. Polycrystal model
Polycrystals of materials with a simpler structure at the grain level have been analyzed in two and three
dimensions by numerous researchers. Early investigations such as the classical work of Taylor (1938) and
Bishop and Hill (1951) used relatively simple kinematic constraints between adjacent grains. Most recent
developments employed ﬁnite element-based models, in which fewer kinematic assumptions are required,
although the correct representation of interactions at the grain boundaries remains a challenging problem.
Beaudoin et al. (1995) and Takahashi et al. (1994) have reported detailed polycrystal analysis of FCC metals
in which grain-to-grain interactions play a key role in the local deformation and texture evolution. Therefore,
Fig. 5. An example of polycrystal model.
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material microstructure and ultrasonic propagation properties. In the present work, the ﬁnite element poly-
crystal model (FEPM) proposed by Takahashi et al. (1994), where each crystal is regarded as an element
and its orientation is given randomly in the case of initial isotropy, is adopted to analyze the material micro-
structural property changes during plastic deformation under simple and pure shear states. Fig. 5 shows a
polycrystal model, where each crystal has a cubic shape and N crystals having diﬀerent orientations form a
block. Numerous identical blocks pile up in the three directions making up the polycrystalline aggregate.
4.2. Texture eﬀect on ultrasonic waves
Within an FCC crystal, plastic deformation occurs by crystallographic slip on the 12 {111}h110i slip sys-
tems where the slip planes are the {111} crystallographic planes. Deformation-induced crystallite orientation
changes (Euler angles) during plastic deformation under simple shear and pure shear were calculated by
FEPM and are presented as pole ﬁgures in Figs. 6 and 7 by stereographic projection method (Kocks et al.,
1998; Tang and Kobayashi, 2003). As it is well known that each crystal in FCC metals such as aluminum pos-
sesses four slip planes, the slip system having maximum slip amount among the four slip planes is called pri-
mary slip system; the slip systems on the other three planes are called secondary slip systems. Hence, in pole
ﬁgures shown in Figs. 6 and 7 the primary slip system in each crystal is colored red and three secondary slip
systems are distinguished by colors of blue, green and black according to the orders of slip amount. Transverse
and longitudinal waves propagate along the thickness direction of plate (x3-direction) and transverse waves
are polarized to the principal stress directions in the plane of the plate (x1–x2 plane). The pole ﬁgures shown
in Figs. 6 and 7 represent the texture evolutions in the plane of the plate and in the perpendicular plane to the
surface of the plate which contains wave propagating direction, respectively.
As shown in Figs. 6 and 7, crystals having a randomly distributed orientation at initial isotropic state show
a preferred orientation as the development of plastic deformation (10% and 20%), and the texture evolutions
have no remarkable diﬀerences between simple shear and pure shear except for a 45-degree discrepancy. This
is because that the total spin _x12 is assumed to be zero under pure shear; however, it takes clearly diﬀerent
from zero under simple shear (Takahashi et al., 1994). The texture evolutions under simple shear are very sim-
ilar to that analyzed by Inal et al. (2002), where he used diﬀerent polycrystal plasticity model described by
Asaro and Needleman. Concerned with the transverse wave velocities under simple shear and pure shear, it
can be concluded that the transverse wave velocities mainly depend on texture evolutions under plastic
Fig. 6. Comparison of pole ﬁgures in x1x2-cross-section under (a) simple shear and (b) pure shear.
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loading conditions has been made in our previous paper (Tang and Kobayashi, 2003).
However, as seen from Fig. 4(a), the longitudinal wave velocities indicate a notable diﬀerence between sim-
ple shear and pure shear even in the small plastic strain range. Therefore, it is diﬃcult to conclude that the
texture evolutions are responsible for the diﬀerence of longitudinal wave velocities under simple shear and
pure shear.
4.3. Cross-slip eﬀects on ultrasonic waves
The jog motions of dislocations caused by intersected slips such as cross-slips induce point defects. Consid-
ering the next cause, it is a good suggestion for us that the sensitive inﬂuence of point defects on ultrasonic
wave propagation properties is a well known phenomenon in the ﬁeld of radiation damages (Thompson
and Pare, 1966). However, the direct calculation of point defects is extremely diﬃcult at present. Therefore,
instead of the direct calculation of point defects, we calculate the total amount of cross-slips between primary
and secondary slip systems under plastic deformation.
It is well known that there are 12 slip systems in a crystal of FCC metals. Slip occurs on close packed planes
in close packed directions. For FCC metals such as aluminum investigated here, these are {111} planes and
h110i directions. Provided that one slip system among 12 slip systems is selected as a primary slip system, then
Fig. 7. Comparison of pole ﬁgures in ultrasonic wave propagating direction (x3-axis) under (a) simple shear and (b) pure shear.
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amount of primary slip system in crystal i as kpi ði ¼ 1–729Þ, and slip amount of secondary slip systems cross-
ing with the primary slip system in the same crystal i as ksi ðs ¼ 1–8Þ; then the total amount of cross-slips C
between primary and secondary slip systems is deﬁned asC ¼
X729
i¼1
X8
s¼1
kpi k
s
i ð13ÞThe FEPM calculated results by Eq. (13) are shown in Fig. 8 with comparison of simple shear and pure shear.
From Fig. 8 we can see that the total amount of cross-slips indicates a remarkable diﬀerence among simple
shear and pure shear even though in the small plastic strain range and the value C under pure shear is much
larger than that under simple shear. In other words, the induced possibility of point defects induced by cross-
slips under equi-biaxial tension and compression is much higher than that under pure torsion. This supports us
to consider that the point defects may be one of the major reasons to cause substantial diﬀerence of longitu-
dinal wave velocities between simple shear and pure shear. In the next section, this conclusion was examined
Fig. 8. Comparison of the total amount of cross-slips under simple shear and pure shear.
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and compression.
5. Examination of longitudinal wave velocity dependence on point defects
In the previous ﬁnite element analysis, we supposed the material to be a polycrystalline aggregate. In fact,
when a polycrystalline material is subjected to a macrodeformation, the microscale deformation will be diﬀer-
ent according to crystal size, orientation, loading condition, etc. Since simulation for a single crystal can pro-
vide some insight into the micromechanics of localized deformation in polycrystalline materials, the Al single
crystal with speciﬁed crystallographic orientation was selected to investigate the crystal orientation eﬀect on
the total amount of cross-slips. The analyzed result was then examined by measuring longitudinal wave veloc-
ity propagating into Al single crystal under equi-biaxial tension and compression.
5.1. The crystal orientation eﬀect on total amount of cross-slips
We suppose the whole crystals of a polycrystalline aggregate possess the same orientation, so the polycrys-
tal aggregate is simpliﬁed to a single crystal. The ﬁnite element analysis was carried out under pure shear. The
calculated results by Eq. (13) are shown in Fig. 9 with the comparison of total amount of cross-slips in three
diﬀerent cases of initial crystal orientations. The remarkable diﬀerence of total amount of cross-slips at diﬀer-
ent initial crystal orientations indicates that the point defects are dominated by crystal orientations.
The rotations of shear stress direction with the development of plastic deformation are shown in Fig. 10 in
terms of standard stereo triangle (Sumino, 1977). From Fig. 10 we can see that in cases of types I and II, theFig. 9. Comparison of the total amount of cross-slips in a single crystal with diﬀerent initial crystal orientations under pure shear.
Fig. 10. Shear stress direction rotations in a single crystal expressed in terms of standard stereo triangle.
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ities are happened in primary slip system at the beginning of plastic deformation, consequently we see no
changes of total amount of cross-slips in Fig. 9 at the early stage of plastic deformation. As the shear stress
direction rotates along the slip direction, the slips are then happened in secondary slip systems due to work-
hardening and this ﬁnally leads to cross-slips between primary and secondary slip systems, as shown clearly in
Fig. 9. However, in case of type III, the initial direction of shear stress is located on the line connected by
h001i and h101i crystallographic directions, this means that the slip activities are happened simultaneously
in primary and secondary slip systems, so the cross-slips are caused from the beginning of plastic deformation,
as illustrated by Fig. 9. From Fig. 10 we can also see that the shear stress directions of types I and III are
nearer to the triangle lines than that of type II, this indicates that the crystals possessing crystal orientations
like types I and III needs larger deformation than that of type II. So the total amount of cross-slips of types I
and III are larger than that of type II, as indicated in Fig. 9. This deformation state depending on crystal ori-
entation agrees well with the conclusions made by Horstemeyer et al. (2002).
Concerned with the longitudinal wave velocity propagating into a single crystal, we suppose that in cases of
types I and II, the velocity will not change at the beginning of plastic deformation. However, as the progress of
plastic deformation, point defects are induced by cross-slips between primary and secondary slip systems, and
this will ﬁnally cause velocity change. Compared with types I and II, the longitudinal wave velocity will change
apparently from the beginning of plastic deformation in case of type III.
5.2. Specimen preparation
Single crystal of high purity (99.999%) aluminum with {110} crystallographic plane was used to examine
our supposition for types I or II. Fig. 11(a) shows the relationship of crystallographic directions and sample
coordinates, where the normal direction of specimen surface takes h110i crystallographic direction. Specimen
coordinates and shear stress direction with respect to slip systems are shown in Fig. 11(b) in terms of pole ﬁg-
ure. As discussed in previous section, in order to cause single slip activities in the plane of specimen surface at
the early stage of plastic deformation, the initial direction of shear stress must be located at the inner side of
triangle. In this case, there will be no wave velocity changes at the beginning of plastic deformation. For an
idea situation, if the shear stress direction lies in middle of line OB, its stereographic projection will overlap
with h123i crystallographic slip direction at the inner side of triangle, and the corresponding tension or com-
pression directions (x1- or x2-axis) will be projected to h213i crystallographic slip direction, as shown in
Fig. 11(b). Fig. 11(c) shows the equivalent stereographic triangle indicating the shear stress direction and
x3-axis with respect to the crystallographic directions, where the stereographic projection of applied tension
or compression load direction overlaps with initial shear stress direction projection at h123i.
Specimen was prepared according to previous FEPM analysis. Fig. 3(b) shows the crystallite orientation
with respect to the sample coordinate system. In this experiment, the tension direction (x1-axis) is rotated
Fig. 11. Schematic drawing of standard stereographic projection for cubic crystal. (a) Relationship of crystal orientations and sample
coordinates; (b) (001) standard projection; (c) initial shear stress direction and specimen surface normal direction expressed by
stereographic triangle.
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graphic plane. The specimen was polished elaborately using lubricant before experiment in order to observe
surface morphologies after experiment.
5.3. Experimental results and discussions
Fig. 12 shows the measured longitudinal wave velocity propagating into Al single crystal under equi-biaxial
tension and compression, where VL0 denotes velocity corresponding to natural state, and DVL represents
velocity changes during plastic deformation. From Fig. 12 we can see that the wave velocity shows diﬀerent
change stages as the development of plastic deformation, i.e., (i) velocity does not change in the early defor-
mation range less than 5%, (ii) velocity decreases as the progress of plastic deformation, and (iii) velocity
changes tend to be saturated when the plastic deformation exceeds 18%. This measured data agrees well with
the FEPM analyzed result made in Section 5.1. At the beginning of plastic deformation, the initial shear stress
direction is located at the inner side of triangle, this implies that only the single slip activities are happened in
primary slip system and no point defects are caused in this deformation range, consequently no longitudinal
wave velocity changes are observed. As the shear stress direction rotates along its slip direction, multiple slips
are then happened in both secondary and primary slip systems due to work-hardening, and this ﬁnally results
in point defects due to cross-slips, as demonstrated by SEM observation in Fig. 13. As the result, the longi-Fig. 12. Experimental longitudinal wave velocities propagating in Al single crystal under equi-biaxial tension and compression.
Fig. 13. Multiple and cross-slips observed via SEM after experiment.
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ever, as the progress of plastic deformation, the localized deformation such as the localized microslip bands
is occurred, this will prevent the further deformation of sample. So the longitudinal wave velocity demon-
strated in range III shows a saturated tendency when the plastic deformation reaches a certain deformed state.
6. Conclusions
As one in a series of the authors’ study on ultrasonic nondestructive material evaluation method, ultrasonic
wave velocity dependence upon its propagating frequency, together with the longitudinal and transverse wave
velocities under simple shear and pure shear were studied in this work. Finite element analysis was also per-
formed to investigate the material microstructure eﬀects on ultrasonic waves. As results we can conclude:
(1) ultrasonic wave velocity is independent upon its propagating frequency below 5 MHz;
(2) the transverse wave velocity depends on texture evolutions;
(3) the longitudinal wave velocity shows a sensitive response to the point defects, which was successfully
examined by equi-biaxial tension and compression experiment. This promising conclusion makes it pos-
sible to use longitudinal wave velocity as an eﬀective tool to characterize point defects in practical appli-
cations, for example, to evaluate radiation damage in nuclear industry.
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